Objective: Although malposition of a catheter for selective cerebral perfusion can lead to postoperative neurologic complications, the clinical relevance or even an incidence of this event is not clear because there have been no measures to diagnose it. The purpose of this study is to report the results of intraoperative diagnosis of catheter malposition by means of near-infrared spectroscopy, orbital ultrasound, and transesophageal echocardiography. Methods: The 35 consecutive patients of aortic arch aneurysm undergoing total arch replacement (13 patients) or transaortic stent graft implantation (22 patients) were examined. The regional oxygen saturation in the frontal lobe was continuously monitored with nearinfrared spectroscopy. When cerebral malperfusion was suspected with saturation drop and reduced blood flow in orbital ultrasound, blood flow in the cervical branches and catheter position were examined with transesophageal echocardiography. Results: Catheter malposition was detected in 4 of 35 cases (11.4%). The echo findings included: (1) reduced or absent flow and/or collapsed lumen in the common carotid artery despite an adequate perfusion rate; and (2) the balloon of catheter blocking the inflow to the common carotid artery. There was no unusual changes in parameters of other conventional monitors. After the catheter was withdrawn (three cases) or replaced (one case) based on the above diagnosis, cerebral perfusion was restored, confirmed by these three modalities. An accidental entry of catheter into the right common carotid artery was detected by transesophageal echocardiography in one case, in which there was no abnormal finding of oxygen saturation or orbital blood flow. Conclusions: Catheter malposition on the right side is not a rare event during selective cerebral perfusion. The catheter can migrate into the right subclavian artery or common carotid artery. Pressure monitoring cannot reliably detect an occurrence of catheter migration into the right subclavian artery. Combined use of near-infrared spectroscopy, orbital ultrasound, and transesophageal echocardiography can be useful for detecting this event and making an appropriate decision without delay to prevent irreversible brain damage. q
Introduction
Neurological complications, which considerably deteriorate quality of life after surgery or make postoperative management troublesome, are caused mainly by cerebral arterial embolism or sustained malperfusion of the brain. While embolism can be avoided only by prevention, malperfusion of the brain can be corrected if it is detected early and the cause of malperfusion is identified and reversed without delay.
Although selective cerebral perfusion (SCP) is a wellestablished and commonly performed procedure in aortic surgery, there are a number of pitfalls with the potential to cause malperfusion of the brain. Unfortunately, complete elimination of neurological complications related to SCP has not been achieved. Although monitoring of pressure and perfusion-rate has been employed, such extracranial information does not necessarily reflect intracranial events. Conversely, transcranial Doppler is a potent monitoring modality that provides intracranial information by assessing the blood flow in the middle cerebral artery. However, the signal is hardly detectable during SCP when the perfusion pressure is low. Therefore, since 1998, we have introduced near-infrared spectroscopy (NIRS) [1] [2] [3] [4] [5] , orbital ultrasound [6, 7] , and transesophageal echocardiography (TEE) [8, 9] into our routine monitoring protocol during aortic surgery.
Malposition of SCP catheter ( Fig. 1 ) is a potential cause of cerebral ischemia. However, even an incidence of this event is not clear because there have been no measures to diagnose it. We have applied the above three modalities to detecting and making diagnosis of SCP catheter malposition and have recognized that this event is not uncommon. The purpose of this study is to report the results of intraoperative diagnosis of catheter malposition by means of NIRS, orbital ultrasound, and TEE.
Materials and methods
We examined 35 consecutive patients who underwent surgery for aortic arch aneurysm using SCP since 1998 ( from 56 to 85 years (mean 70.4 years). The surgical procedures for aortic aneurysm were: total arch replacement in 13 patients, and transaortic stent-graft implantation [10, 11] in 22 patients. Coronary artery bypass surgery and aortic valve replacement was additionally performed in 5 and 2 cases, respectively. Cardiopulmonary bypass was started with an arterial cannula inserted into the ascending aorta or with an arterial line connected to a vascular prosthesis (which was anastomosed to the right axillary artery) and a two-staged venous cannula inserted into the right atrium. After the patient was cooled to a rectal temperature of 25 8C, SCP was established under circulatory arrest at this temperature with the selective perfusion catheters (Fuji System Co. SP stat catheter, FR12 or FR14) inserted into the branch arteries from inside the artery or through the purse-string suture placed on the proximal portion of the branch artery. The branch arteries were each perfused at a rate of 250 mL/min using a single blood pump (i.e. total flow was 750 mL/min for three arteries). The temperature of arterial perfusate was 25 8C. Perfusion pressure was monitored at the right radial artery and at the tip of the catheter that was placed in the left common carotid artery. Perfusion rate was allowed to increase up to 1000 mL/min when cerebral hypoperfusion was suspected. This decision was made based on the data of three monitors: (1) perfusion pressure (especially below 30 mmHg); (2) NIRS; and (3) orbital ultrasound monitoring.
The tissue oxygen saturation (rSO2) in the bilateral frontal lobes was continuously monitored throughout the surgery by means of an NIRS system, TOS-96 (TOSTEC Co. Ltd, Japan) with a pair of sensors placed on the patient's forehead. When the rSO2 dropped below 60% or the perfusion pressure was unusually low despite an adequate perfusion rate, the blood flow was examined by means of orbital ultrasound. The central retinal artery was visualized with a 7.5 MHz echocardiographic probe that was part of the TEE system. The probe was placed on the eyelid, which was covered with an adhesive patch [6, 7] . In order to minimize ocular tissue damage, the duration of exposure of the eye to ultrasound was less than 30 s. When the blood flow in the central retinal artery became undetectable and remained so after increasing the perfusion rate, malperfusion of the common carotid artery was suggested; the common carotid artery was then explored by means of 5 MHz biplane TEE (EUB-555, Hitachi Co. Inc., Japan). In addition to the routine monitoring of cardiac performance during surgery by cardiovascular anesthesiologists, the arch branch arteries were visualized and the blood flow in these arteries was examined (as previously reported [8, 9] ) before, during, and after cardiopulmonary bypass, and whenever TEE assessment was considered to be necessary.
After SCP was established, the perfusion catheter was depicted in the innominate artery as highly echogenic with acoustic shadow. The balloon near the catheter tip was depicted as a highly echogenic arc with reverberations or acoustic shadow behind it. In color Doppler mode, turbulent flow was seen in the right common carotid and subclavian arteries. When the catheter itself could not be depicted, the presence of turbulent flow indicated that the catheter tip was situated proximal to the visualized portion of the artery. The TEE findings as well as the data from NIRS and orbital ultrasound was provided to the surgeon whenever it was necessary to discuss the significance of these findings and to determine the strategy for solving the problem.
Results
There was one operative mortality (case #35) due to cardiac failure and one late death at 7 months after surgery (case #4): 5.7% mortality at one year postoperatively (Table 1) . Two cases (#6 and #10) had cerebral infarction postoperatively. It was possible to obtain the rSO2 data throughout the surgical procedure in every case. No complications related to the TEE examination or orbital ultrasound were encountered despite repeated probe manipulations and visualization attempts. In 4 of 35 cases (11.4%), malperfusion of the right common carotid artery was suspected, based on NIRS and/or orbital ultrasound monitoring, and the blood flows in the branch arteries were examined with TEE.
Case #34 was a 72-year-old male patient who underwent transaortic stent-graft implantation. Before cardiopulmonary bypass, blood flow was detected in the bilateral central retinal arteries with orbital ultrasound and in the right common carotid artery with TEE. After SCP was started, orbital ultrasound showed that blood flow in the right central retinal artery was undetectable (while it was detectable on the left side), despite acceptable perfusion pressure. TEE revealed that blood flow was hardly detectable in the right common carotid artery. The flow signal was apparently higher in the right internal jugular vein than in the common carotid artery (Fig. 2: left) . The tip of the SCP catheter was found in the right subclavian artery (Fig. 3: left) . As the surgeon withdrew the catheter by a few centimeters, the catheter tip moved proximally (Fig. 3: center, right) .
The blood flow in the right common carotid artery then became clearly detectable ( Fig. 2: right) .
Case #29 was a 68-year-old male patient who underwent total arch replacement. As the SCP was started at a perfusion rate of 900 mL/min (divided between the three arteries), the perfusion pressures were as low as 25 and 35 mmHg on the right and left sides, respectively. Orbital ultrasound detected blood flow in the central retinal artery in the left eye but not in the right eye. TEE demonstrated that the catheter tip was in the right subclavian artery and that the orifice of the right common carotid artery was occluded by the inflated balloon, which was located at the bifurcation (Fig. 4) . The lumen of the right common carotid artery was small and the blood flow velocity was too low to be detected in pulsed-wave Doppler mode. As the SCP catheter was withdrawn, the blood flow in the right common carotid artery became detectable in color Doppler mode.
Case #4 was a 78-year-old male patient who underwent transaortic stent-graft implantation. The SCP catheter was inserted into the innominate artery and the left common carotid artery through a purse string suture placed on the proximal portion of the branch artery. The left subclavian artery was ligated for stent-graft implantation. As the SCP was started, the perfusion pressure was 30 mmHg on the right side and 50 mmHg on the left. The right central retinal arterial flow was narrowly detected by orbital ultrasound, and the right rSO2 dropped to 54%; meanwhile, blood flow in the left central retinal artery could be detected and the left rSO2 was over 60%. The right rSO2 further decreased to 44%. TEE revealed that the catheter tip was situated in the right subclavian artery and that the lumen of the right common carotid artery was collapsed. As the catheter was withdrawn, it moved into the innominate artery and the flow in the right common carotid artery became detectable.
Case #3 was a 66-year-old male patient who underwent total arch replacement. When SCP was started, the perfusion pressure was 30 mmHg on both sides and the bilateral rSO2 dropped below 60%. As a vasoconstrictor was administered and the perfusion pressure was elevated to 39 mmHg, the blood flow in the central retinal artery became narrowly detectable on both sides. However, the right central retinal arterial flow became undetectable again and the right rSO2 dropped to 55%, while the left rSO2 remained over 60%. TEE revealed that the blood flow in the right common carotid artery had a to-and-fro pattern and that the antegrade flow component was small (Fig. 5A) . The balloon of the SCP catheter was found just at the bifurcation of the common carotid artery and the subclavian artery. Although the surgeon tried to withdraw the catheter, the position of the balloon remained unchanged. Therefore, the perfusion catheter was replaced with another type (14F cannula, Medtronic DLP, Chase Medical Inc., USA). The blood flow in the right common carotid artery was then clearly detected with a dominant antegrade component (Fig. 5B) . The right rSO2 was also restored to above 60%.
All of these four cases had an uneventful postoperative course with no neurological sequelae. In the remaining cases, the drop in rSO2 or the undetectable central retinal artery flow was not unilateral but bilateral. The perfusion rate was increased in 7 of 35 patients, based on the data of perfusion pressure, NIRS, or orbital ultrasound monitoring in 4, 3, and 3 patients, respectively (in combination of two or more monitors in several cases). As the perfusion rate was increased or a vasoconstrictor was administered, the rSO2 recovered and the flow in the central retinal artery became detectable. Two cases (#6, #10) had cerebral infarction in the region of the basilar artery but not in the region of the carotid artery.
Besides the above four cases, we experienced one case of accidental entry of SCP catheter into the common carotid artery. Case #5 was a 65-year-old male patient who underwent total arch replacement for ruptured aortic arch aneurysm. TEE revealed that the tip of the SCP catheter was in the right common carotid artery. There was some blood flow detected around the balloon toward the right subclavian artery. There was no significant abnormality or change in the perfusion pressure on the right side.
Discussion
It may be argued that this kind of study is unnecessary since it appears: (1) that malposition of an SCP catheter rarely occurs (and has not been reported in the literature); (2) that in the event of catheter malposition, the catheter would enter the right common carotid artery and that this event can be easily detected by the decrease in the right radial arterial pressure; (3) that even if the catheter happens to enter the right subclavian artery, a functioning circle of Willis would compensate for cerebral malperfusion; and (4) that catheter malposition cannot, therefore, be a serious problem.
However, our findings will come as a disappointment to those who hold the foregoing views; namely: (1) the occurrence of malposition of an SCP catheter placed in the innominate artery is not uncommon (11.4% in our series); (2) the catheter can migrate into the right subclavian artery as well as into the common carotid artery; (3) pressure monitoring cannot always detect the occurrence of catheter migration into the right subclavian artery; (4) the function of the circle of Willis can be inadequate as suspected by the rSO2 drop in the cases of SCP catheter malposition in our series; (5) malposition of SCP catheter can, therefore, occur and can lead to cerebral ischemia, which is potentially responsible for neurological symptoms (including cognitive disorders).
Two factors may be responsible for occurrence of malposition: variation in length of the innominate artery among the patient population, and accidental migration of the catheter tip. The latter mechanism is likely to have been responsible for the events in cases #4, #29, and #34 because malposition was corrected by withdrawing the catheter. In case #3 the innominate artery may have been short because withdrawal of the catheter did not solve the problemdespite the catheter having been inserted from the origin of the innominate artery.
Because an occurrence of catheter malposition cannot be predicted and is invisible within the surgical field, methods for detecting this event are needed. The NIRS, which provides intracranial information noninvasively and continuously, is advantageous for detecting an occurrence of malperfusion. However, the rSO2 drop can be caused by several mechanisms. Reduced arterial blood flow in the carotid artery is likely to be the major mechanism of sudden rSO2 drop during aortic surgery, and can be confirmed by means of TCD or orbital ultrasound. Surgeon can readily withdraw the SCP catheter and this procedure solved the problem in three of four cases but not in all cases. The cause of malperfusion needs to be searched for in the proximal portion of the common carotid artery, the perfusion catheter, or the SCP circuit.
Malposition of the catheter tip can be examined noninvasively by TEE without interrupting the surgical procedures. The TEE findings that indicate catheter malposition are summarized as follows: (1) the catheter tip is depicted in the right subclavian artery; (2) the balloon is located at the bifurcation and occludes the orifice of the common carotid artery; (3) the lumen of the right common carotid artery is collapsed, the flow signal in it is weaker than that in the adjacent jugular vein, or the blood flow in the right common carotid artery is undetectable, weakly detectable, or has a to-and-fro pattern when examined in the long-axis view of the right common carotid artery. The accuracy of TEE diagnosis can be confirmed by the improvement of the above findings after the malposition is corrected-usually by withdrawing the catheter proximally or occasionally by replacing the catheter. These findings are often followed by improved rSO2 or better detection of central retinal artery flow in orbital ultrasound.
It is not clear, however, whether the catheter malposition detected by TEE in these four cases would have caused clinically significant brain damage had it not been corrected. In each case, we corrected the malposition immediately because the TEE finding was accompanied by an inadequate central retinal arterial blood flow, in orbital ultrasound, or by a significant rSO2 drop, by NIRS monitoring-both of which have been shown to be related to an occurrence of neurological dysfunction [5, 7] . However, this could be a limitation in terms of a clinical investigation.
Recently, axillary arterial perfusion has been gaining popularity in aortic arch surgery. In this procedure, cannula malposition may cease to be a problem. However, this artery is occasionally small for an adequate perfusion rate through a catheter of an appropriate size. The remnant of vascular prosthesis used for perfusion may limit a future use of subclavian vein for central venous route because of a risk of infection.
The catheter malposition may be visualized by using epiaortic echo manipulated by the surgeon. However, the common carotid artery and bifurcation are often difficult to visualize from the operating field and manipulating the epiaortic echo takes time and elongates the SCP time.
In conclusion, the incidence of malposition of SCP catheter is found to be not low and it occurred on the right side. It can occur in any case and is unpredictable. Combined use of NIRS, orbital ultrasound, and TEE is helpful for detecting this event intraoperatively and enabling to solve cerebral malperfusion before irreversible brain damage develops.
